This paper presents an offline current-mode pulse frequency modulation (PFM) 
Introduction
With the wide application of electronic products, people's requirements on the power supplies become more and more strict. For example, the LED drivers need constant current, and the lithium battery charger needs constant current and constant voltage. AC-DC converters [1] which change AC into DC by the use of semiconductor devices can meet these requirements. The topology of flyback [2, 3] has been widely used in the AC-DC converters due to the facts that it provides input-output isolation and the number of its semiconductor and magnetic components is less than other switching power supplies.
Flyback converter can operate in pulse frequency modulation (PFM) mode [4] [5] [6] , pulse width modulation (PWM) mode [7] [8] [9] and pulse skip modulation (PSM) mode. In order to improve efficiency, most AC-DC converters work in PWM mode on the heavy load (constant current) state, and in PFM mode or PSM mode on the light load (constant voltage) state. To achieve the purpose of constant current, most AC-DC converters operate in PFM mode or PWM mode. Compared with PWM mode, PFM mode can make the system application circuit achieve higher efficiency. When the esternal circuits of PWM mode are same as those of PFM mode, these circuits will have the same peak efficiency. But before getting the point of peak power, the efficiency of the circuits which are controlled by PFM mode is much higher than those controlled by PWM mode. What's more, the PWM controller will be affected by error amplifier and loop gain as well as response speed, the circuits controlled by PFM mode have a faster response speed than those controlled by PWM mode. Nowadays, to achieve the purpose of the constant current, most AC-DC converters need the help of secondary loop control circuit and optocoupler, the system application circuit becomes complex and its cost is high. Based on the above factors, in order to achieve the purpose of constant current on the premise of removing the optocoupler and secondary loop control circuit, a new type CC (constant current) control circuit based on auxiliary winding feedback and PFM mode was proposed, which greatly simplifies the application circuit and reduces the overall cost. In the constant region, when the load changes, the circuit proposed in this paper will change the system working frequency to adjust the input power, then it can achieve the purpose of constant current. The constant current control circuit is used in a 5V/1A Constant Current (CC) and Constant Voltage (CV) AC-DC converter. The AC-DC converter was fabricated in a 0.5-μm BCD process [10] with an area of. Experimental results prove the AC-DC converter can get the constant current of 1A when the input voltage and the load resistance change.
Method Description
Since the traditional offline isolation LED lighting methods always use signals feedbacking from the secondary side of the transformer, as shown in reference [5, 11] and [12] , a complex application environment is needed for improving the cost of the whole circuit and blocking the widely use of the green lighting. Consequently, the primary-side PFM constant current control methods are introduced, which are shown below.
The circuit proposed in this paper is applied in a 5V/1A CV/CC AC-DC converter which is based on flyback topology. The system architecture is shown in Figure 1 . Initially, the output voltage is low, so the sampling voltage of the FB pin is not high, and the voltage is less than V FBTH . Thus, the CV control circuit does not work, and the PFM CC control circuit operates in normal state. The continuous opening and closing of the switching MOS device keep the output voltage rising. In the CC region, the feedback voltage of FB pin will not exceed V FBTH , so the CV control circuit won't work.Changes in the output load will alter the sampled FB voltage, thus the changing of V FB affects the operating frequency of the switching power MOSFET, and then the switching frequency increases as the FB voltage increases to adjust the size of the input power and provide constant output current regulation. As the FB approaches V FBTH , the system begins to work in CV mode. At this point, system gets the peak power point of CC/CV characteristic and the switching frequency of CV mode is at its maximum value The CV control circuit regulates the FB voltage to remain at V FBTH , and the FB voltage is sampled 2.5µs after the turn-off of the high voltage switch.
In the CC region, the maximum conduction duty and switching frequency of this AC-DC converter is controlled by the internal oscillator, while the reasonable settings of the value of peripheral devices can make the converter only work in discontinuous conduction mode (DCM) [11, 12] . In a switching period, the primary coil energy has all been passed to the output stage. When the power MOSFET is on, the main secondary coil has no disturbance current of the feedback by the secondary coil, so the slope compensation circuit commonly used in the PWM controller is not required, and this can save the layout area.
The primary coil current waveforms of flyback converter in DCM as shown below:
Figure 2. The Waveforms of Flyback Converter in DCM Mode
When the power MOSFET is on, the primary inductor current ramps up from zero by a slope of V IN /L. Where V IN is the DC voltage after rectification and filtration of AC input, and L is the value of primary inductor. As the result of the peak current control mode, the power MOSFET is turned off after the primary inductor current rises to the limited I Lpeak =V CS /R CS . Where V Ilim is the current limit voltage of peak current comparator, R cs is the current sense resistor.
At this point, the energy stored in the transformer is:
In DCM mode, the secondary inductor current I S has dropped to zero before the power MOSFET conducts again, so the energy stored in the transformer has been all sent to the output load in a switching cycle. Then output power which is provided by the input is
In the equation above, η is the efficiency of the flyback transformer, V out is the output voltage, I out is the output current. V Ilim ，R CS , L are fixed values. It can be seen, for a fixed external circuit, the system output power is only proportional to the frequency.
During the time when the secondary coil release the energy, we can get from figure 1 that
where, From the equation (2) and (3), the output current is
where, let
K is a constant value, so the equation can be simplified as
It can been seen from the above equation that if there is a linear relationship between f and V FB , the output current I out will be a constant value.
The Design of PFM CC Control Circuit
If all the other parameters are fixed, we can know through the above analysis that the frequency of the system is only controlled by V FB , the output current is kept constant in the constant current region. Therefore, according to such circumstances, a V/I converting circuit shown in Figure 3 and the oscillator circuit shown in Figure 4 have been designed in this paper. In the CC region, the sampled FB voltage will be changed with the different output loads. Figure 3 shows the influence of FB voltage on the oscillator operating current I charge , the oscillator frequency is proportional to the size of I charge , and the system operating frequency is decided by the oscillator. Therefore, changes in the load will alter the operating frequency of the power MOSFET to adjust the input power to achieve the purpose of CC.
V/I Converting Circuit
It can be seen from the system architecture diagram shown in Figure 1 that FB pin voltage is got through a resistor divider of auxiliary winding. The power MOSFET is turned on and off constantly, so the FB voltage is not a linear changing value. When the power MOSFET is on, the FB voltage is very low, and during the shutdown period, the FB pin senses the output voltage before the secondary inductance energy decrease to zero. When there is no energy in the secondary inductor, oscillation will occur due to the primary inductance and the parasitic capacitance of the power MOSFET. In order to let FB pin voltage make the correct response to the output voltage, a sampling and holding circuit of FB voltage is designed and shown in the left part of Figure 3 . The high frequency noise of FB pin has been removed by the low pass filter which is made up of resistor R5 and capacitor C2. When the power MOSFET is turned off 2.5 μs later, there will be a high pulse signal S_Delay on the gate of M12, so the M12 is turned on and a current through the M12 charges the capacitor C1. But S_Delay becomes low soon, and the voltage of C1 remains until the arrival of the next pulse. 
There comes a high pulse to make M12 be turned on, and a current charges the capacitor C1. The sampled voltage of FB pin is given by 7 . From the right part of figure 3 , according to the relationship of current mirror and subtraction, we can get the output current which is sent into the oscillator as its charging and discharging current to control the frequency. The current is ) where I bias is the bias current of the converter. It is obvious from the equation (10) that the structure of current-subtraction can compensate the size of current caused by temperature, because the changing of temperature can alter resistance of the resistors in the circuit. 
Design of the Oscillator
As is shown in Figure 4 , the proposed circuit is the relaxation oscillator [13] [14] [15] which can control its frequency by charging and discharging the capacitor. At the initial time, it can be assumed that the voltage of capacitor C is zero, the switching control signal XA makes the two top switches close, a current I charge charges the capacitor C, when the voltage of C exceeds the threshold V1, the output of COMP1 generates a high level signal A to make the two switches below in the figure 4 close. The COMP2 operates normally, then, XA becomes low and make the two top switches close, and COMP1 doesn't work. The capacitor C begin to discharge and the discharge current is αI charge , when the voltage of capacitor C is less than V2, a low level signal A comes from the output of We can know that I charge is proportional to the working frequency from the above equation (19), constant α controls the duty cycle of clock signal. Using the equation (19), a new equation got from the equation (14) Using the equation (21) and (5), in the constant current phase, the output current is
Setting of Constant Current Point
As the system begins to work, V FB is almost equal to 0. In order to let the power MOSFET operate normally, so it must ensure that there is an initial frequency and the initial frequency is set to be a smaller value. When the output voltage increases, V FB becomes larger. The contribution of K 1 to the system frequency can be neglected compared to V FB . So when V FB is a larger value, f≈K 2 V FB , the equation (22) It can be seen from the above equation that when the feedback voltage is greater than a certain value, the converter can adjust the operating frequency to achieve the purpose of constant current with the changing of the output load.
Experimental Results
The proposed circuit in this paper is applied in the 5V/1A CV/CC AC-DC converter which is based on flyback structure, and its constant current operating point is 1A. This AC-DC converter has been designed and taped out by using the 700V BCD process. We can see from that when the output resistance is 3Ω and the input voltage changes from 85-220V, the output current almost has no change, and it is about 993mA, and the current ripple is about ±4%. It is obvious from Figures 11-13 that when the load resistance is 4.7Ω, the output current is about 948mA and its ripple is about ±4%. In the CC region, the frequency of the voltage signal on FB pin is equal to the operating frequency of the system. So it can be seen in Figure14-16 that when the output resistance are 3Ω, 4Ω, 4.7Ω, the corresponding system working frequency are 55.5 KHz, 62.5 KHz and 66.6 KHz. So there is essentially a linear relationship between the system operating frequency and the size of load resistance.
According to the test results above, in the CC region, it is obvious that when the load resistance is changed from 3Ω to 4.7Ω, the output current keeps constant and the point of CC is about 1A. The chip can change its frequency with different loads to adjust input power to get the purpose of CC.
Conclusion
This paper is based on the principle of AC-DC converter which has the structure of flyback. In order to remove the optocoupler and secondary-loop control circuit, a novel PFM CC control circuit which is based on the auxiliary winding flyback was proposed in this paper. According to the test waveforms of the application circuit, the purpose of CC 1A had been achieved by the use of this PFM control circuit, what's more, the output current ripple of the application circuit is about only ±4%. This circuit can change the system frequency with different loads to adjust input power to achieve the purpose of CC. The circuit will greatly simplify the system application circuit and save the cost to make the AC-DC converter have a higher performance price ration compared to other converters.
